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Abstract—A new voltage-mode fractional-order oscillator, 
employing in total 12 Metal-Oxide-Semiconductor (MOS) 
transistors, is introduced in this paper. The proposed circuit is 
composed of two operational transconductance amplifiers, two 
inverting voltage buffers, one resistor, and two fractional-order 
capacitors. Compared with the corresponding already introduced 
fractional-order oscillators, it offers the benefit of low transistor 
count and, therefore, simplicity of its structure. In addition, it 
offers the well-known advantages of fractional-order oscillators 
about the capability for achieving very low and high oscillation 
frequencies with reasonable component values. The behavior of 
the proposed oscillator has been numerically studied using the 
MATLAB program, while its performance has been evaluated by 
SPICE simulations, using TSMC 0.18 m Level-7 CMOS process 
parameters with ±1 V supply voltages.  
Keywords—fractional calculus; fractional-order oscillator; 
MOS-RC oscillator; inverting voltage buffer; operational 
transconductance amplifier 
I. INTRODUCTION 
Although the fractional calculus has inherent complexity 
and lacks in providing a geometrical or physical explanation 
of the underlying mechanisms, it represents a natural behavior 
over their integer-order counterparts in many areas of 
engineering such as bioengineering, electronics, control 
theory, signal processing, etc. [1][8]. In the last years, the 
study of fractional-order oscillators started to be one of the 
main fundamental topics in fractional-order dynamical 
systems. This originated from the fact that extremely low and 
high frequencies of oscillation are possible through such 
structures [9][10].  
Many classical fractional-order oscillators such as Wien-
bridge oscillator [11], Colpitts oscillator [12], Hartley 
oscillator [13], and also multiphase oscillators based on all-
pass filters [14], [15], were presented using conventional op-
amps or their equivalent macromodels. Although the 
aforementioned solutions could be implemented using 
commercially available discrete-component ICs, from the 
integration point of view they suffer from the increased 
transistor count that they require for implementing the active 
cells. Therefore, in addition to the increased circuit 
complexity, the power dissipation of such structures could 
become quite high. In order to overcome this obstacle, a novel 
very simple voltage–mode (VM) fractional-order oscillator 
topology is introduced in this paper. It is constructed from two 
Operational Transconductance Amplifiers (OTAs) and two 
Inverting Voltage Buffers (IVBs), leading into a requirement 
for 12 MOS transistors in total. Moreover, the fractional-order 
capacitor is emulated by using second-order approximation 
beside solid state fractional capacitors [16]. The proposed 
structure is presented in Section II, while the characteristic 
equation is numerically solved to obtain particular frequency 
of oscillation and start-up condition, in Section III. The 
performance of the oscillator is evaluated in Section IV, 
through SPICE simulations results. 
II. THE PROPOSED VM MOS-RC OSCILLATOR 
A. Integer-Order Oscillator Design 
The proposed topology is demonstrated in Fig. 1. It is 
constructed from two CMOS OTAs (M1  M4 and M9  M12), 
two NMOS based IVBs (M5  M8), one resistor, and two 
capacitors. Assuming that both capacitors Ci (i = 1, 2) 
conventional (i.e. integer-order) ideal elements, the 
characteristic equation (CE) of the oscillator is: 
 2 m2 m1 m2
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Fig. 1. The proposed compact voltage-mode oscillator. 
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TABLE I.  MAIN DESIGN PARAMETERS OF FRACTIONAL-ORDER OSCILLATOR.  
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while their phase difference is: 
  1 1tan RC
     
B. Fractional-Order Oscillator Design 
Depending on the selection which capacitor is fractional-
order, three possible cases can be considered: 
Case 1: The capacitor C1 is considered to be fractional-
order with an impedance ZC1(s) = 1/s
C1, while the other 
capacitor C2 remains an integer-order capacitor with 
impedance ZC2(s) = 1/sC2.  
Case 2: The capacitor C2 is considered as fractional-order 
capacitor with an impedance ZC2(s) = 1/s
C2, while 
ZC1(s) = 1/sC1.  
Case 3: Both capacitors are considered as fractional-order 
capacitors with impedances ZC1(s) = 1/s
C1 and 
ZC2(s) = 1/s
C2, respectively.  
The characteristic equations in the aforementioned cases 
can be written as follows: 
 1 m2 m1 m21
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Setting s = j in (6)(8), the derived FOs and COs are 
summarized in Table I. 
In fractional-order case 1, 2, and 3, the relation between 











while the phase difference ϕ between two outputs Vo1 and Vo2 






















    
















Note that setting  =  = 1 in the expressions in Table I as 
well as in (9)(10), then the expressions in (2)(5) are 
derived. 
III. NUMERICAL RESULTS 
As it will be shown, the main advantage of this type of 
oscillator is that the fractional-order oscillators generate higher 
FOs than their integer-order counterparts. Considering the 
fractional-order oscillator of Case 3 and assuming typical 
active parameters of OTA and passive component values as 
 
 
Fig. 2. Frequency of oscillation versus alpha () and beta (β). 
 
Fig. 3. Condition of oscillation versus alpha (α) and beta (β). 
 
Fig. 4. Phase difference between the two outputs based on (10). 
follows: gm1 = gm2 = 100 µA/V, R = 10 kΩ, C1 = 10 µFs
(1), 
then form Table I the following frequency of oscillation and 
oscillation start-up condition values f0 = {1.18; 4.26; 
1.25 k}Hz and C2 = {63.8 µ; 37.3 µ; 155 n}Fs
(1) for 
 = {0.65; 0.5; 0.25} and β = {0.4; 0.5; 0.9}, are derived. 
Fig. 2 shows MATLAB plots of frequency of oscillation 
versus fractional-orders  and β (see in Table I FO of Case 3). 
As it can be observed the FO increases while the order of  
decreases and β increases. In other words, FO is decreases 
while the order of  increases and β decreases. Note that, the 
CO in (2) requires equality of both capacitances and 
transconductances. Therefore, considering an integer-order 
capacitor ( = 1) with the same ideal capacitance C1 = 10 µF, 
the FO and oscillation start-up condition are respectively 
1.5915 Hz and 10 µF, as shown in Figs. 2 and 3. Furthermore, 
it can be observed that the start-up condition C2β decreases 
while the frequency of oscillation increases with increasing 
the order β or decreasing . Figure 4 shows the phase 
difference between two outputs based on (11). Considering 
again the orders  = {0.65; 0.5; 0.25} and β = {0.4; 0.5; 0.9}, 
the phase differences were calculated as ϕ = {199.4; 208.7; 
231.6}, respectively. Hence, by increasing the order  or 
decreasing β the phase difference is increasing. 
IV. SIMULATION RESULTS 
In order to validate the numerical results of the proposed 
oscillator shown in Fig. 1, the simulation results were 
performed using SPICE program. In the design, transistors 
were modeled by the TSMC 0.18 µm Level-7 CMOS process 
parameters (Vth_N = 0.35 V, N = 327 cm
2/(Vs), 
Vth_P = 0.41 V, P = 129 cm
2/(Vs), TOX = 4.1 nm). The DC 
power supply voltages were set equal to +VDD = –VSS = 1 V. 
Aspect ratios of CMOS transistors are W/L = 40 µm/1.2 µm 
for all PMOS and W/L = 0.8 µm/1.2 µm for NMOS in OTAs. 
In inverting voltage buffers both NMOS were set 
W/L = 60 µm/1 µm. The bias currents in OTAs were set 
IB1 = IB2 = 100 µA, which results in transconductance equal to 
100 µA/V.  
First of all, the integer-order case (α =  = 1) with passive 
component values C1 = 10 µF and R = 10 k was studied. By 
solving the system of (2) and (3), the oscillation start-up 
condition and frequency of oscillation are found as C2 = 10 µF 
and f0_theor_int = 1.59 Hz, which is close to simulated value 
f0_sim_int = 1.5 Hz. The simulated phase difference between the 
outputs was 203.7°, close to 225o, which is theoretically 
predicted by (5). The transient responses of the outputs are 
shown in Fig. 5(a) and simulated peak-to-peak values of 
oscillation amplitudes are Vo1_PP = 798.4 mV; 
Vo2_PP = 570.1 mV. The theoretical ratio of amplitudes 
according to (4) is 1.41, very close to 1.40 ratio obtained 
through simulations. 
Secondly, the fractional-order cases are studied for 
selected orders  = {1; 0.2; 0.2} and β = {0.2; 1; 0.8}, 
respectively. The fractional-order capacitors were realized 
using the Foster I network depicted in Fig. 6. The values of 
passive elements have been calculated by employing the 
second-order Continued Fraction Expansion method, and they 
are given in Table II. The calculated oscillation start-up 
conditions are C2 = {91.21 µ; 6.31 n; 89.9 n}Fs
(1) and the 
FOs are f0_theor_fract = {0.25; 15.9 k; 9.64 k}Hz, while the 
simulated FOs are 0.25 Hz, 15 kHz, and 10 kHz, respectively. 
Transient responses of the outputs for fractional-order cases 
are shown in Figs. 5(b)(d). The following peak-to-peak 
values of oscillation amplitudes were simulated for outputs 
{Vo1; Vo2}: Case 1 {516.6; 253.1}mV, Case 2 {608.9; 
602.8}mV, and Case 3 {575.1; 542.1}mV, respectively. Here 
the theoretical ratios of amplitudes according to (9) are 1.98; 
1.01; 1.06. On the other hand, the simulated ratios are 2.04; 
1.01; 1.06. The simulated phase shifts were {190.05°; 
180.03°; 180.1°}, while the calculated values were {225°; 
181.78°; 181.78°} while. Lissajous patterns of all discussed 
cases showing phase shifts between outputs are depicted in 
Fig. 7.  
TABLE II.  COMPONENT VALUES USED IN FIG. 6 FOR SIMULATION OF 
FRACTIONAL-ORDER OSCILLATOR CASES. 
Component Values 












































































































Ra [Ω] 5.45k 5.45k 6.03k 79.1 
Rb [Ω] 4.3k 4.26k 4.7k 659.6 
Cb [F] 836p 52.8µ 1.25n 19.3n 
Rc [Ω] 8.6k 8.61k 9.52k 34.1k 
Cc [F] 5.97n 376.9µ 8.91n 376.9µ 
 
 (a) (b) 
 
 (c) (d) 
Fig. 5. Transient responses of the output voltages: (a)  = 1 and β = 1,  
(b)  = 1 and β = 0.2, (c)  = 0.2 and β = 1, (d)  = 0.2 and β = 0.8. 
 
Fig. 6. RC tree for approximating fractional-order capacitors. 
 
Fig. 7. Lissajous patterns for variable order capacitors showing phase shifts 
of Vo2 against Vo1. 
V. CONCLUSION 
The very first time in the literature, this paper introduced a 
compact voltage-mode fractional-order oscillator employing 
only 12 MOSFETs. The main motivation of this study by 
designing fractional-order oscillator was to prove that this type 
of oscillators offer: (i) independent tuning of the frequency 
and condition of oscillation, (ii) higher frequency of 
oscillation than its integer-order counterpart, (iii) requirement 
for capacitances with reasonable values, (iv) possibility for 
achieving different frequency of oscillation/start-up condition 
by only changing the order/capacitance values. The derived 
SPICE simulation confirmed the given theoretical analyses. 
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